
JURS 678-4

2N

IDWVElnlN (W TO1 FSRVOWYAUN OF CAiW=K
swml GOUMUIOR BY 7= CVOICR OF

FUqW,8 AND FUEL ADDI)TIVES

Final Report

July 8, 1988

},

OCD Work Unit 2552C T.O. Nc-. k550(67)

* -. Contract WvLer N0P12867CO089

IV
Vl)

URS3 SYSTEMS
C C R P 0 R A T 1 0 N

This document has been apnrovee for publi .release andIsale; its dsý"ribution is urMlimited.

II

II



Summary URS USYSTEMS
URS 678-4 C O R €O CJ P A T ON

Surimary Report

of

IMPROVEMENT OF THE PERFORMANCE OF CARBON
SMOKE GENERATORS BY THE CHOICE OF

FUELS AND FUEL-ADDITIVES

Final Report

July 8, 1968

by

Thomas Goodale

Prvpared for

OFFICE OF CIVIL DEFENSE
Office of the Secretary of the Army

Washington, D.C. 20310

through

U.S. Naval. Radiological Defense Laboratory
San Francisco, Callfornia 94135

This report h,,, been reviewed in the O•.^ , ai CivI Difentrii and
approved for publication. Approval does not si•nif, th., the
contents necesarity reflect the views arid polhoos of Y 0 11k.
of Cvi Deionoe

Each transmittal ol this document outside the ageix'lev, ')t the
U.S. Government must have ;)riot nppr'oval ol O D )f4t *ai-ci.ch



ta

as ok a rw nert, *'. f h

-'~ ~ Ie;-tt of carbonaceous sto-ke rcovreu s&.A

- 2irn4!'ý wa Js*oao'. lor 35~ d~.ern i~

cc- t~rKJ!,td Corditions in a Wabonatory tieneratorr. 't

txctia a~ 1iWs4Tr to o:ne, previously eit~pioyett,

9 41, C*4 Of itilt %e were testeli for their zt.

v-lo'trcyn at4--mtTrs and donores) and Imownr flame iantib:

4or V~fh" txi!of oxyt!ik'rs~riOEhtmf of t.0 air- supply

e c -cr. car-; rs of bhigb Intrinsic smoke rieldý as additives to hy-
0tC yn of iaw 'r szokv yield

'-r .L ca;&sof in! iatinig e~nergt tic. reaction at moderate -tempt:rm-
it~~f~s'- .Qalumainwan cy*niuric triazidie)

m ~ ~ ~~ C. iwr% mI0 o roke yield, of various pure hydivearbons test-
•~:~erc 1wa fac tor of ?±i teerlb.-

BEST AVAILABLE Copy



Suammry--
URS 878-4-2

2. A tentative correlation was discovered between the smoke yields of pure
hydrocarboins and their strength as carbon acids.

'.If OMPoundS of quOSt1bnable stabillty in long-term storage are excliu
fta, the isommr's of xcylem offer the, highest samoke production per unit
weight olf fuel of any fuel tested.

4. Strong Levis-acids &und bases were found to be Active In promoting: in-
ozas.* In smloke yild; khwiever, the increases were modest, being of the
order of 35 peritent or loess Rilogen-oontaining flame Inhibitors. also
increased sooke yield. Soe *f4fctiveness of theme additives have an
inverse relationship to lb. Intrinsic smoke yield of the fuel. An ar-
gument is presented to show that this invers'e relationship maj be r.
consequence of the correlat~ion between smoke yiold and car'bon acid
strength mentioned in itow 2, abovv.

5. Pe(CXO)s and CrOCI,, which are reported to sh~ow the highest order of
effectiveness as flame Inhibitors, apparently inhibit formation of
smioke.

6. When the air supply to the smoke generator was enriched ini oxygen to a
composition 50 percent oxygen and 50 percent nitrogen, other parameters
remaining unchanged, the suoke yield of benzene was increatsed more than
a factor of two. The smoke yields of other fuels tested In the enriched
air supply increased a modest amount or showed little change.

7. A solution of 6.78 weight percent of a hydrocarbon of high smoke yield
14-dene) in a hydrocarbon of low smoke yield (n-decane) produced a
higher smoke yield by 25 to 50 percent tnan would have been obtained
from its componevte if eanh Aad been burned alone, indicating indane
to be active in promoting the smoke yield of n-decane.

8. An 1-7rease in smoke yield of about 20 percenz was observed for fuels
burning ovfr granuiar, 4;olid catalysts having acidic siirfaces (activa.-
ted alumina, and phosphorous pento.-de on diatomaceous earth) and over
one having a basic surface (sodium amide on diatomaceaus earth) com-
pared with the same fuels burning alone.

Recommendationq are:

1. Further chemical invesi~tgati~on intended to improve the performance of
carbon Rmoke genera~tors shculd seek an understanding of the mechanism
of tormation of carbonaceous smoke.

2. In the immediate term, It is recommended that an investigAtion be~ con-
ducted of the extent to which the performance of a full-scale proto-
type arooke generator, employing a hydrocarbon fuel with air as oxid'AIz-
er, can be improved oy optimizing the inode of nixing end degree ,-f tur-
bulence of the streams of fjtpl vapor and air, for greatest produ.:,,bon
of smoke.
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ABSTRACT U

An experimental investigation was conducted of the improvement in per- 3
formance of a simple carbon smoke generator, employing a hydrocarbon fuel ald

air as oxidizer, that could be obtained by appropriate choice of fuels and of

various additives to the fuels. The smoke yield of pure hydrocarbons, defined

as the weight of carbonaceous smoke recovered per unit weight of -carbon in the

fuel burned, varied widely among the hydrocarbons tested, the extremes differing i
by a factor of 15. The smoke yields of most of the hyu.-ocarbins and hydrocarbon

derivatives correlated well with their strength as carbon acids, i.t., their

tendency to dissociate to form carbanions.

Strong Lewis-acids and bases and haiogen - containing flame Inhibitors,

as additives, increased the smoke yield of hydrocarbons. The fractional

increase in smoke yield thus produced was in inverse relation to the intrinsic

smoke yield of the hydrocarbon burned. An argument is given to show that the

diminished fractional increase in the smoke yields of hydrocarbons of high ]
intrinsic yield of smoke may be due in large part to the form of the correlation

found between the smoke yield of hydrocarbors and their strength as carbon acids. 3
Oxygen-enrichment of the air supply to the burner was found to cause the 1 -

smoke yield of benzene to approximately double in value. The smoke yield of

cyclopentadiene increased 50 percent when supplied with oxygen-enriched air,

but the effect was modest or negligible in the case of other hydrocarbons 3
tested.

1
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Section 1

INTRODUCT ION

In a study conducted in 1963 under sponsorship of the Office of Civil

Defense (Ref. 1) of the feasibility of counterneasures to thermal radiation

S produced in nuclear explosions, it was concluded that smoke screens composed

of optically absorbing particles offered an effective countermeasure. In a

subsequent investigation (Ref. 2) this conclusion wa: confirmed, and it was

shown, on the basis of both theoretical and experimental resultF. that carbon

was near optimum as a material of which to compose ground-level screens for this

purpose.

Smoke generators employed in the experimental program included solid types,

based on polymer fuels with potassium perchlorate incorporated as an oxidizer,

and aiso liquid hydrocarbon fueled generators employing atmospheric air as

oxidizer. Generators of both types were developed having performance character-

istics capoble of satisfying the requirements of a thermal countermeasure system;

however, in either type of generator, any stable mode of operation required that

the majority of the fuel be burned to produce heat, so that only a minor friction

of the carbon contained in the fuel was available tc form carbonaceous smoke.

ýa circumstances requiring rapid erection of the cou't:!rmeasur- screen,

generators capable of a higri rate of smoke production must be available; however,

a concomitaat high rate of he. t geneattion would be undesir-'ble for variovs reaso.ns,

the most important of which is probably the fire hazard it might present ut.or

some conditions. Any improvement in the fuel .efficiency of a ca.rbor smokt.

generator primises a compound benefit tn ameliora'• ng this .)roblem, Lec.ause tho

number of pounds of fuel required to obtain• a-ny desired atmosahert. .oadilg of

smoke could bi" reduced if the smoke produced p•er pound ,of ftel welre Itjca-tespd,

whil•, at the tame time, less - at &,ýuld he produced per pound tf irl f ct-at.tIsc

lr••. of the total c.,4rbon *t id 1we taurn'd. Addli ionallv, Impa•t,:ed cf-4uie'ne-v n

ci.nvrrai-ln of fu•l to c~ rbon %roke wt-uId t.r, important to the thr-rm.tl -coun ,rmn,4surt,

pr-.-<rA~m ;% o it. redt, rItg fuel co.t., re'ducirg the !.Ile .tnd colIt of futl -I . k.1K:.

LN-
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associated with each generator, and in reducing the amount ef carbon monoxide

produced with the smoke.

Partial (fuel-rich) combustion of hydrocarbons in air has been giren K
principal consideration as a process for generation of carbon smoke because

hydrocarbon fuels are inexpensive, contain a high weight-percent carbon, and

are available in the required quantities. Furthermore, the combustion of
hydrocarbors in air can produce nearly pure carbon smoke, free of other par-

ticulate matter. The only toxic material produced in significant quantity in the I
combustion of hydrocarbons is gaseous car-or monoxide, which cm disperse readily

into the atmosphere and be reduced ultimately to nejigible concentrations 'itb- I
out permanently contaminating areas in the vicinity of the generators.

Preliminary experiments had shoa-n that significant inc:reases in the amount

of carbonaceous smoke produced in the burning of hydrocarbon fuels in air could

be obtained by choice of appropriate fuel and, in sone cases, by incorporating

additives in small concentration in the fuel. The present investigation was

undertaken to assess the advantages of this approach that were-indicated by the

preliminary work.

'ii
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Section 2

SUMMARY

5 An experimental investigation was conducted of the improvement in the

performance of carbon smoke generators, of a type considcred fGr use in a thermal

countermeasure program, that could be obtained by choice -i appropriate fuel and

the introduction of addi".ives to the fuel. The improvement of performance desired

was Ligher recovery of fuel carbon as smoke and generation of less heat.

The smoke yield, defined as the weijht of carbonaceous smoke recovered per

unit weight of carbon in the fuel burned, was measured for 35 different pure

hydrocarbons under closely controlled conditions in a laboratory generator.

The laboratory generator was geomaetrically similar to one previously employed,

experimentally, in the thermal countermeasure program.

The following general classes of additives were tested for their effect on

the smoke yield of hydrocarbon fuels.

1. Acids and bases (electron acceptors and donors) and known flame
inhibitors

2. Oxygen, in the form of oxygen-enrichment of the air supply

3. Selected hydrocarbons of high intrinsic smoke yield as additives to
hydrocarbons of lower smoke yield

4. Compounds capable of initiating energetic reaction at moderate
temperatures (triethylaluminum and cyanuric triazide).

5. Solid dehydrogenation catalysts

Findings were as follows:

1. The extreme values of smoke yield, of various pure hydrocarbons tested,
differed by a factor of fifteen

2. A tentative correlation was discovered between the smoke yields of
pure hydrocarbons and their strength as carbon acids

3. If compounds of questionable stability in long-term storage are excluded,
the isomers of xylene offer the highest smoke production per unit weight

of fuel of any fuel tested

I
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4. Strong Lewis-acids and bases were found to be active in promoting

increase in smoke yield; however, the increases were modest, being

of the order of 35 percent or less. Haloger,-containing flame inhibitors U
also increased smoke yield. The effectiveness of these additives has
an inverse relationship to the intrinsic smoke yield of the fuel.
An argument is presented to show that this inverse relationship may be 3
a consequence of the correlation between smoke yield and carbon acid
strength mentioned in item 2, above.

5. Fe(CO) 5 and CrO2 Cl 2 , which are reportid to show the highest order of i
effectiveness as flame inhibitors, apparently inhibit formation of smoke.

6. When the air supply to the smoke generator was enriched in oxygen to a
composition 50 percent oxygen and 50 percent nitrogen, other parameters
remaining unchanged, the smoke yield of benzene was increased more than I
a factor of two. The smoke yields of other fuels tested in the enriched
air supply increased a modest amount or showed little change.

7. A solution of 5.78 wEight percent of a hydrocarbon of high smoke yield U
(izidene) in a hydrocarbon of low smoke yield (n-decane) produced a
higher smoke yield by 25 to 50 percent than would have been cbtained
from its components if iach had been burned alone, indicating indene II
to be active in promoting the smoke yield of n-decane,

8. An increase in smoke yield of about 20 percent was observed for fuels
burning over granular, solid catalysts having acidic surfaces (activatf-d
alumina, and phosphorous pentoxide on diatomaceous earth) and over one
having a basic surface (sodium amide on diatomaceous eart') compared
Nith the same fuels burning alone.

Recommendations are:

1. Further chemical investigation intended to improve the performance of
carbon smoke generators should seek an understanding of the mechanism
of formation of carbonaceous smoke.

2. In the immediate term, it is rec-mmended that an investigation be con-
ducted of the extent to which the performance of a full-scale prototype 0
smoke generator, employing a hydrocarbon fuel with air as oxidizer; can

be improved by optimizing the mode of mixing and degree of turbulence of
the streams of fuel vapor and air, for greatest production of smoke. 0

0
0
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Sec t ion 3

APPROACH

The basic method of the present investigation has been the measurement

and intercomparison cf the smoke yields of a wide variety of fuels and fuel

additive combinations..

The principal purpose of the smoke-yield measurements is to find the relative

effect that various fuels and fuel-additive combinations would have on the smoke

production of a fie'.d smoke generator. The combustion process in the measurement

"apparatus must therefore simulate, insofar as possible, that of the fihld

generator, since the amount of smoke produced in hydrocarbon flame., var~es in

different kinds of flames and burners, even for the same fuel.

Jn the same kind of burner system, however, the smokiness of hydrocarbon

flames is known to be influenced by variables other than the properties of the

fuel. For example, in flames in which the reactants have not been premixed,

the smoke yield is affected by the schedule of mixing of fuel vapor and air

during combustior, especially with respect to the degree of turbulence present.

Differences, in ,;uccessive experiments, in the pattern of heat transfer between

the flame and iti surroundings can affect the progress of combustion, and hence

the smoke yield. This is especially o.o in the case of pool-burning of liquid

fuels, since th( rate of supply of fuel vapor to the fire by evaporazion is

dependent on the rate of heat transfer between flame and liquid fuel.

Variation of the smoke yield due to effects of this kind must evidently

be suppressed If the variation due to fuel type and additives present is to be

made apparent. Variation in the measurements due to these latter effects can bc

minimized or eliminated by conducting atlj the experiments in a ('con;bus t i

apparatus that Is in,'arant in the relative position of its varlou.; p.Irts, fith

accurntelY cortrolled air suopplY that is const tnt (during a given ,':pr imont)

Smoke yield is defined as the number of grams ol carbtnaceous smoke i)f)rduce(I

per gram of carbon contained ii. tne fuel sample.

I
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and reproducible in its rate, composition, and temperature and by using the same

volume of fuel sample in all experiments.

The difference in behiavior during combustion of different fuels burning

in the same burner under uniformn conditions will, hopefully, be repeated in

the same kind of burner on a larger scale, although it is not to be expected

that this duplication will be perfect. The variables that influence combustion 3
behavior will not necessarily follow the same scaling laws when the linear

dimensions of the burner are increased from those of the laboratory model to 3
those of the full-scale field generator. Unfortunately, the variables that

influence the smokiness of combustion do not appear to be sufficiently well I
established to permit these scaling relationships to be precisely specified.

It would appear, however, that the aspects of combustion most likely to

change with scale would be physical effects, such as convection and degree of

turbulence, whereas effects due essentially to chemical properties of the fuel

would be less affected by changes in scale. Thus, the absolute value of the

smoke Ateld, which is dependent to some extent, on the schedule of mixing of the

reactants and, hence, on turbulence, would be expected to change with scale,

while the relative order in which various fuels stand with respect to the smokiniess

of their flames- an order that is largely determined by their chemical properties -

would be expected to remain invariant.

LI,

LI
11
u
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Section 4

EXPERIMENTAL PROCEDURE

The apparatus for measurement of smokl yield illustrated in Fig. 1, ccm-

prised a controlled air supply, smoke generator, and smoke collection system.

The smoke generator was geometrically similar to one that had been employed

previously in the thermal countermeasure prcram, i.e., a tray of liquid fuel

surrounded by an enclosure. In the full-scale apparatus, the air supply was

controlled by the size of the draft openings in the base of the enclosure. In

our laboratory apparatu3 the air supply to the smoke generat(r came from a tank

,f compressed air, in which the pressure was automatically maintained within

narrow limits by a compressor drawing atmospheric air. Air from the tank passed

through a pressure regulator and microregulating control valve. The constanIt

flow of air thus produced was passed through a copper heat exchanger coil irnersed

in water at room temperature, from which it passed through a rotameter for flow

measurement. The air passed directly from the rotameter to the smoke generator.

The smoke generator consisted of a porcelain tray containing the fuel sample

supported in the bottom of a glass chimney. The air supply flowed upward through

an annular opening between the edge of the tray and a narrow baffle extending to

the wall of the chimney. The relative magnitude of the various dimensions of

the smoke generator were adjusted empirically until satisfactory performance was

obtained and then maintained constant in subsequent experiments. The main

It was found that variations of the order of 10 percent in measured values of

smoke yields near the maximum could result from quite minor variations in
configuration in the vicinity of the tray, presumably because these variations
influenced the air flow patterns and, hence, the schedule by which air entered

the flame. Changes of this magnitude were produced, for example, by raising
the tray relative to the air flow control baffle a distance of about 1 mm.
Such changes in configuration could also produce changes in the shape of the

curve of smoke yield versus air supply rate. We were concerned in this in-

vestigation exclusively with relative values of smoke yield, e.g., the smoke
yield of one fuel relative to that of another or of the yield of a fuel plus
additive to that of the fuel alone, so that it was sufficient simply to de-
sign the system in the vicinity of the tray so that its configuration was re-
producible and constant.
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adjustments required were of the ratio of length to diameter of the chimney

necessary to prevent ingress of air by convection down the chimney so that

the air available to the flame would be established by the measured air supply

rate, and to establish a configdration around the fuel tray that would ensure

orderly, reproducible combustion over the tray at all air supply rates. (In

some configurations, the flaine flowed down over the sido of the tray at the

higher air supply rates to burn in an irregular fashion in the base of the r'himney.)

The smoke was collected by filtration on a high-efficiency filter composed

entirely of glass fibers. The filter, which was rated for continuous duty at a

temperatuie of 10000 F, was supported on a sintered bronze plate. The supporting

plate allowed free passage of air but was sufficiently fine-grained to prevent

any of the filter mat being drawn through it into the cxtaust system.

:n operating the apparatus, a tared filter was placed in the filter holder,

and the air supply rate was adjusted to the desired value. One cubic centimeter

of fuel was charged to the fuel tray via a small hole in the side of the chimney,

the filter exhaust pump turned on, and the fuel ignited by means of a miniature

torch (burning natural gas and oxygen) inserted through the hole in the base cf

the chimney. Upon ignition, the torch was immediately removed and the hole in V
the chimney stoppered. Burning times were recorded with a stopwatch.

I -

In pool-burning, the temperature of the liquid fuel. is quickly brought to

the vicinity of the fuel boiling point by heat transferred from the flame and

reirains near this temperature until the fuel is consumed. The tray in which the

fuel is contained must follow, approximately, the temperature of the fuel, and

thus absorbs some of the heat generated in combustion. If the fuel tray were

at room temperature before each experiment, it would absorb an 11mount of heat

that would tend to 'ary with the boiling point of the fuel. Furthermore, the

heat absorbed by the tray is not returned into the flame, as is the heat absorbed

by the fuel in its vaporization. Under these conditions, therefore, the fuel tray

Fixt-Flo air sampler filter sheet, fiber glass, Part No. 08/88332. Manufac-

tured by Mine Safety Appliances Co., 201 North Braddock Ave., Pirt ,;burgh, Pa.,

15208.

,mi
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would extract an amount of heat from the flame that would vary from one fuel to

the next. The magnitude of the effect of this variable loss on the heat balarce

of the flame would depend on the heat capacity of the fuel tray relative to the

size of the fuel sample burned, as well as on the range of boiling points of the

fuels tested.

To obviate this difficuity, the fuel tray in our smoke-generating apparatus 3
was warmed, immediately before each experiment, to a temperature 20'C lower

than the boiling point of the fuel being tested. The heat capacity of the tray 3
was approximately ten times as great as that of the fuel sample to be placed in

it, so that by preheating it, the initial temperature of fuel and tray together 3
was established, 4,n each experiment, at nearly the same increment of temperature

below the fuel boiling point. In this way, the amount of heat, generated in

combustion that was absorbed in raising the temperature of the fuel and its

container to the fuel boiling point was made nearly the same in each -. periment.

After the fuel sample was burned the filter was removed from its holder

and back-weighed to obtain the weight of smoke collected on it, after which the

smoke deposited on the chimney and filter inlet plenum was removed by means

of a sable brush and added to the filter sample. The filte- was then weighed fl
again to obtain the total sample weight and also the weight of the chimney deposit.

Chimney deposits were commonly on the order of 10 percent of total sample weight

and were nearly completely recovered by the brushing procedure, so that the U
unrecovered part constituted i negligible error in the smoke-yield measurement.

The quantity of fuel charged to the smoke generator (1 cc) was determined

by the capacity of the filter. For example, if 2 cc of a fuel of high smoke

yield were burned, the pressure drop across the filter increased, due to excessive

loading, until flow into the filter was reduced to the point that some of the

smoke sample was lost through the fr'ee-air inlet. This occurred even though the [j
filter exhaust pump was a positive rotary blower capable of drawing at least 3 psi

of vacuum behind the filter at low flow rates. This difficulty was not encountered El
when the sample volume was standardized at 1 cc.

A series of preliminary measurements were made to assess the reproducibility

E~l

jiB
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to be expected in the weight of the filters under the experimental conditions to

which they would be subjected in collecting smoke samples. Five measurements

were made, in each of which a filter was weighed and placed in the filter holder,

The filter exhaust pump was operated for 2 min in each case, but without combus-

tion of any fuel in the smoke generator. The filters were removed and backweighed.

The purpose of these measurements was to find the variation to be expected in

weight of the filter alone ascribable to handling procedures. All five filters

gained weight by amounts ranging from 0.1 to 1.1 mg, the average being 0.7 mg.

The weight of the filters ranged from 1.3569 to 1.3796 g with an average weight

of 1,3670 g. The average variation in weight of the filters was thus 0.05 percent

of their weight.

Two measurements were made in which the procedure was identical to that

given above, except that during each of the tests a 1-cc sample of methyl alcohol

was burned in the fuel tray of the smoke generator and the combustion products

drawn into the filter. Methyl alcohol produces no smoke in combustion but simulates

the combustion of hydrocarbons in other respects, in that heat, water vapor, and

oxides of carbon are produced. These tests were made to determine whether the

passage of heated combustion products through the filter, together with the

handling procedure, wou)d affect the weight of the filter. One of the filters

gained 0.3 mg; the other lost the same amount.

In the course of our subsequcnt experimental probram, the smallLst samples

of carbonaceous smoke that were consistently measured were those produced by

combustion of 1 cc of various aor'mal paraffins (n-hexane, n-heptane, n-decane).

These minimum samples of smoke weighed from 13 to 18 mg. The average expected

error in their measurement due to variations in weight of the filter would

therefore be about 5 percent. In the case of larger smoke samples, such as those

produced in the burning of 1 cc of benzene, which contained 117 mg of smoke,

this kind of error would be reduced to 0.6 percent.

After the reproducibility of the filter weights was established as dSecrib(,(t

above, a series of preliminary smoke-yield measurements were made for the purpose

of estimating the reproducibility of the smoke yield of a given fuel in suck-essive

ofetmtn it mk il
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measurements made under identical conditions and also to explore the variation

of smoke yield to be expected of various fuels as a function of air supply rate

to the smoke generator. Three measurements were made of the weight of smoke ob-

tained in burning of 1.0 cc of benzene under identical conditions. The average

weight of smoke obtained was 115.8 mg. The maximum difference between any two

smoke sample weights was 1.7 mg, and the average difference from the mean sample

weight was 0,7 mg, or 0.6 percent of the mean smoke sample weight.

This order of reproducibility of the smoke yield measurements was corrobor- 3
ated, in the subsequent measurements of smoke yields of various fuels as a func-

tion of air supply rate, by the smoothness of the experimentally determined curves. 3
Some of these curves are presented in Fig. 2. 7he curves typically show a maxi-

mum, and the maxima for most of the hydrocarbons for which curves were obtained

occur at nearly the same air supply rate, viz., 4.8 liters per minute. At air

svipply rates. below that corresponding to maximum smoke yield, the smoke usually

became loaded with partially oxidized organic compounds (as indicated by odor and

color) as well as being reduced in amount. Eventually, a minimum air supply rate

vwas reached below which the flame could not be supported. As the air supply rate

was increased above the rate for maximum smoke yield, the flame became more tur-

bulent, and ultimately a condition was reached at which little or no smoke was I
produced.

In the intercomparison of smoke yields between different fuels and between

the same fuel with different additives, it appeared desirable to use the yield

corresponding to the maximum in the curve of smioke yield versus air supply rate.

Since the majority of the fuels for which curves of smoke yield versus air sup-

ply rate were obtained showed maxima in these curves at or near the same air sup-

ply rate, it was appropriate to choose a single standard air supply rate at the

common maximum at which to make measurements for comparison purposes. This

•tandard was taken at 4.80 liters/min.

The air supply rate in these three experiments was slightly highie than that

later chosen as standard.

I .....
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I Section 5

SMOKE YIELDS OF PURE FUELSI
The smoke yields of pure fuels for which measurements were made are

j arranged in Table 1 in decreasing order of yield. A correlation appears to

exist between the smoke yields of hydrocarbuns and their acid strength. This is

illustrated in Fig. 3, in which the negative logarithms cf the acid dissociation

cotstants of those hydrocarborn for which such data are available are plotted

agai-st their smoke yield. The correlation is best for the more weakly acidic

hydrocarbons. The acid constants assigned to the various hydrocarbons are those

of the MSAD scale as gPven by Cram (Ref. 3, p. 19).

The acid dissociation constants plotted in Fig. 3 were measured in various

non-aqueous solvent systems, whereas the reactions leading to formation of carbon

smoke in combustion occur in the gas phase. The observed correlation could still

be meaningful, however, since this woald only require that the relative pro-

clivitv of various hydrocarbons toward acid dissocation in the gas phase be

parallel to that in liquid solvents.

"Additional qualitative evidence of the effect of hydrocarbon acidity on

smoke yield is afforded by the relative smoke yields of various substituted

benzenes. When an electron-accepting group, such as a nitro or cyano group, is

substituted for hydrogen in the benzene ring, it has the effect of making

adjacent hydrogens in the ring more acidic than in unsubstituted benzene. Electron

donors, such as amine or hydroxyl groups, have the opposite effect; so that in

j analine and phenol, ring hydrogens are less acidic than in benzene. The smoke

yields of these substituted benzenes are shown in Table 2 relative to that of

I benzene itself.

* The acid strengths of hydrocarbons are variable over such a wide range

(approximately 35 to 40 orders of magnitude in the acid constant) that techniquesI applied in the determination of acid strength in one part of the scale are not
appropriate in another. The MSAD scale of hydrocarbon acid constants has been
assembled from the results of four different investigations, in different

regions of the scale, employing different techniques, i.e., those of McEwan,
Streitwieser, Applequist, and Des3y.

I
I

-.. . .. . . - . .. .. - - .. ..- - -. .
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Table 2

SMOKE YIELDS OF SUBSTITUTEP BENZENES

SMOKE YIELD RELATIVE 1
TO THAT OF BENZENE

nitrobenzene |1.79

benzonitrile ( CN 1.26

benzene 0 1.00

analine ONH 2  0.99 3
phenol 0011 0.78

The relative smoke yields of the benzene derivatives listed in Table 2

thus stand in the same order as the acidity of the hydrogen atoms attached IA
to their benzene rings.

The smoke yield of toluene is higher than that of berzene, even though the

methyl substituent renders the h drogen atoms of its tenzene ring less acidic

than in benzene, because, as remarked by Shatenshtein (Ref. 4, p. 196), the

hydrogens of the methyl group itself, in toluene, are more acidic than those

of benzene.

The acid dissociation constants of compounds such as benzoic acid, phenol,

and analine are several orders of magritude greater than those of any of the

hydrocarbons, but they produce only modest smoke yields. Similarly the simpler

alcohols, which do not appear in Table 1 because their smoke yields are either

zero or too low to be of interest, are more acidic than hydrocarbons. In all

of these cases, however, these higher acid constants refer to the dissociation

of hydrogen attached to oxygen or nitrogen instead of carbon. From this

observation, it would be inferred that the smokiness of the flamne does not depend

on the dissociation of the positive hydrogen ion, but rather on the formation of

a negatively charged hydrocarbon ion (carbrLnion) hiving its charge associated

with carbon.
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T'o apparent exceptions to the correlation of smoke yield with hyJrocarbon

acidity have occurred that have resisted any resolution. The first of these is

the low smoke yield of cyclopentadiene, evident in Fig. 3. The second consists

of the high smoke yield of 2, 2, 3 - trimethylbutane relative to that of n-hep-

tane. These compounds are isomers, their difference residing solely in the

3 branched structure of the former, compared to the straight-chain configuration

of the latter. The acidity of alkanes is reported to be lower in branched than

in normal isomers (Ref. 4, pages 96 and !Q5, and Ref. 5). The smoke yield of

2, 2, 3 - trimethylbutane, however, is .early three times as great as that of

n-heptane, a result in accordance with the findings of other investigators

(Ref. 6, page 271), but just the opposite of that to be expected if smoke yield

parallels hydrocarbon acidity.

Referring to Table 1, it is seen that if fuels of questionable chemical

stability in long-term storage are excluded, the xylenes and trimethylbenzenes

produce the highest weight of smoke per unit weight of fuel. At a current

price of about $0.035 per pound, ($0.25 per gallon), mixed xylene isomers also

offer the advantage of being relatively inexpensive. Dicyclopentadiene offcrs

a 25-percent greater smoke production per pound of fuel than the xylenes, but

i it is more expensive (currently $0.12 per pound) and its stability in storage

is not known.

I The naturally occurring mixture of xylene isomers begins to freeze at about

-30 0 C (-220 F), so that, as a fuel, it can be expected to remain a liquid under

i most outdoor storage conditions.

I
I
I
I
I

!Is
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Section 6

EFFECT OF ADDITIVES ON SMOKE YIELD

The quality desired of fuel additives in the present investigation was

that, when added to a fuel in small concentration (5 weight percent or less),

they would produce a substantial increase in the smoke yield of the fuel. The

belief that this might be possible was based on the observation that all of the

hydrocarbons eligible for consideration as practical fuels for carbon smoke

generators are thermodynamically unstable with respect to decomposition into

carbon and hydrogen at room temperature as well as at higher temperatures

characteristic of flames. Furthermore, many of the unsaturated hydrocarbons are

exothermic with respect to decomposition into carbon and hydrogen.

The fact that these hydrocarbons ordinarily do not form carbon particles at

temperatures below about O0000C, either in combustion or pyrolysis, must therefore

be attributed to the existence in the reaction mechanism of steps requiring a

large investment of energy for their completion. The high temperature would then

be required to provide a ready source of energy to drive the reaction over the

energy barriers represented by these intermediate steps, even though the overall

reaction Is therm~odynamically feasijle at lower temperatures.

An auditive capable of changing the reaction mecharism leading to formation

of smoke to one in which less energetic intermediate steps were involved could,

therefore, induce the formation of smoke at a lower temperature. In combustion,

then, less o the carbon would need to be burned to maintain the temperature of

the flame, so that a larger fraction of the carbon would be available to make

smoke.

Other approaches to the catalysis of smoke production would appear to be

possible. The heat produced in the oxidation of tht hydrogen, contained in

hydrocarbon fuels, to water would be more than sufficien" to maintain flame.

temperature, even it none of the carbon were oxidiz•td. At he qquillibrium toward

which the system tends at the temperature ot thhe flame, howetveir, )ust th,. h(ppos ie

III
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situatton prevails, i.e., virtuplly all of the short supply of oxygen would be

combineo with carbon in the form of carbon monoxide, while nearly all the hy,'rogen [1
would remain unoxidized. Flames, however, are dynamic systems, and the composi-

tions of their final products are ant to be the result of the relative rates of

competing reactions, without equilibrium ever being reached. Thus, an additive

capable of influencing relative reaction rates in a direction resulting in oxida-

tion of more hydrogen and less carbon would increase smoke production A'ithout the

need of any reduction in flame temperature. I

The formation of smoke can hardly be a simple reaction, since it involves

the conversion of relatively small hydrocarbon molecules containing one or two

hydrogen atoms per L,.rbon atom into carbonaceous particles of smoke containing

on the order of 104 to 109 carbon atoms, with only about one hydrogen atoml

remaining for each eight carbons. Moreover, the milieu in which the smoke-forming

reaction occurs is the flame, the detailed chemistry of which is, itself,only

vaguely defined at present. In searching for additives to improve the smoke yields

of hydrocarbon fuels, therefore, it has been necessary to follow a heuristic

approach.

ACIDS, BASES AND FLAME INHIBITORS AS FUEL ADDITIVES L
In view of the tentative correlation between the smoke yield -f h. irocarbons

and their acidity, discussed earlier in this :.eport, acids and bases (in the i

sense of being electron acceptors or donors) have been tested as additives. The

rationale was that if the smoke-producing process depended in an important way

on the acid dissociation of the hydrocaroon fuel, the addition of strong acids

or bases could promote this dissociation by suppressing the activity of one or

the other of the products of the dissociation or, in the case of acids, hý

inducing greater aicidity in tho fuel molecule by form.,,tion of coordination c'om-

plexes with it. Trhe interpret.aton of some of th' exnerimtnts, "nvolvingK IX,,s-

acids ax add it i ve5' s, O vas 5 of-(.it id becV.ius se (tmv of the -tr7olgvr acid I 1%et-v

relat ively volt.. il t. c 'mp ui ,ti of .eta Ii •.ltc. , •Usa1.•1id A - i , th |! %v r

capaible or forming noinvolt t It, vompousids 6, tivdrow .1% .)I h.% rv~kct lion % it 1qlb ~ n

AnY of the ac id that ~ASk clet.dti' nT.4&1 'o ide ov sdoiI'll In pa.is1n~z through i
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the flame would condense, owing to its lower volatility, and deposit with the

smoke in the filter, whereas the additive in its original more volatile form would

pass through the filter as a vapor with the gaseous combustion products.

A question common to these experiments was, therefore, how much, if any,

of the increase in apparent weight of the smoke sample collected in the filter

was metal oxide, hydroxide, or oxohalide formed by hydrolysis of the additive

in the flame or in the products of combustlon prioi to their reaching the

filter. Prediction of the amount of metal oxide deposited in the filter in

these experiments was often plagued by uncertainty as to whether all of the

metal-containing additive had evaporated from thU_ fu.l tray with the fuel, as

well as the question of whether all of the vaporized addicive that did accompany

the fuel into the flame was, in fact, hydrolyzed and condensed to solids before

reaching the filter.

Quantitative measurement of the amount of metal oxide deposited in the

filter was needed in these cases. The analytical problem was not severe, in

that only one kind of metal was present in each instance and its identify was

known beforehand. Analytical determination of the metal oxide present in each

filter was complicated from an operational point of view, however, by the

circumstance that a different metal was involved in -.ach of this kind of acidic

additive tested, so that a different analytical procedure, suitably reconciled

Lo the presence of the glass fiber filter and carbonaceous solids, would need

to be adapted for the metal contained in each additive.

Quantitative analysis for the carbon •ontent of the smoke samples was a

possible alternative. Insofar as the weight of carbonaceous smike in the filter

sample could be taken equal to the weight of carbon found in analysis, the

desired answer would be given directly. It offered the advantage that the same

procedure could be applied to all samples irrespective of the nature of Che

metal oxides contained in them, however it suffered some disadvantage in that

j! carhon,,ceous smoke is not composed solely of carbon, but contains at least 1

percent by weight of hydrogen chemically bonded in its structure, as well as

Svriable amounts of oxygen and, in some cases nitrogen, If that clemert is pr. sient
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in the fuel. ibus the analysis for carbon, in addition to being somewhat tdtco'.s,

is also incapaolf! of prm,,iding exact determination of the ei- ;t of carbonacrous [
smoke in the filter sampl,.

A simple, rapid, gravimetric method was adopted for measurement of the I
amount of aetai oxide contained in the filt'r samples, one which is essenwially

independent of the kind of metal oxide present. TMe method depends on oxidation

of the carbonaceous smoke on the filter by an oxygen plasma contaiiing a high

proportion of oxygen atoms. The oxygen plasma was form-: by microwave discharge [f
in oxygen at reduced pressure. ",tomic oxygen reacts with organic material and

carbon with negtii.ble activatien energy, so that oxidation can proceed at room

temperature, the rate beirg determined by the rate of delivery of oxygen atoms 'I
to the carbonaceous materi3l. Although the electrons in the plasm.a are at a f

high temperature, they are not in temperature equilibrium with the oxygen atoms

which remain near ambient temperature. Oxidation of the carbonaceous sroke

proceeds quantitatively to completion in approximateiy 30 min to I hour without F
raising the temperature of the sample more than a few degrees abave room

temperature. Owing to the mild thermal conditions, and the insignificant chemical

effect of the plasma on the glass filter, its weight is not significantly altered

by this treatment. Backweighing of the filter after the treatment, therefore,

provides both the weight of the carbonaceous smoke and of the metal hydrolysis

products present on the filter, since the tare and gross weights of the filter U,

sample are known.

A potential source of ambiguity in the method can arise from the question

of whether or not the metal had been oxidized to a high'Žr valence state by the

oxygen atoms, with consequent change in molecular composition and apparent

weight. In a majority of cases in which the method has been usec, it was known

that the metal was in its highest oxidation st-ate before treatment(e.g., boric U
acid derived from hydrolysis of Doron trifluoride additive). !n cases where

this is not surely known, the difference between the weights of the metal oxide

or hydroxide in the different oxidation states would usu.lly constit.ite a minor

pe-centage of its weight in either state, so that the magnitude of this uncertainty

would not be large.

n2

• .......1
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tbnfortur.ately, this procedure was adopted so late in our program tfat it

S'was not o*ssible to apply it to all of the samples co which its application

woild have been useful; however, it has been applied in the case of one fuel,

X benzene, ior each of the c-st strongly acidic additives which have the greatest

propensity to-sard reaction with water or oxygen to form compounds of low vola-

tility. The results of experiments with these additives must account for the

additivt deposited in the filter, so they are given separately (in Table 3) from

the results lor the remainder of the acidic and basic additives (given in Table

4).

"Many of the chemicals that are known to inhibit the propagation of flames

iz hydrocarbon--air mixtures arp acids (electron acceptors) or dissociate in

the flame to nroduce acidic radicals, and some of the more strongly acidic

additives in Table 3 are known to be effective as flame inhibitors. in the

present investigation the results obtained concerning the effectiveness of

other flame inhibiting compounds in increasing swoke production have therefore

also been included in Tables 3 and 4.

Referring to Table 3, it would appear that in. the cases of BF3 O C2 H5) 2 ,

SbCl, and C WJOC2 not all of the additive, in each case, was ccllected as
Z) bZ 2'

a nonvolatile hydrolysis product in the filter. The amount of noncarbonaceous

residue, found in the experiment with SnCl4 as additive, agrees quite closely

with the weight of SnO2 that would correspond to the tota. weight of additive.

In the case of Cr02CI2, the noncarbonaceoms residue exceeds the maximum

calculated in the form of C=203 by about 25 percent.

It is interesting to note that a smaller amount of noncarbonaceous residue

apparently occurs in the burning of n-decaae than, in the case of benzene and

xylene. Thus. with 5 percent SnCl4 as additive in benzene, an amount of residue

equivalent (as SnO2 ) to the total amount of additive was deposited in the filter

sample, whereas when n-decane containing 5 percent SnCl4 was burned, the net

weight of the entire sawple o'itained in the filter was less than the waighr of

Sr.02 equivalent to the SnCl additive. Since it was obvious froe the black
2 4

color of this sample that it contained some carbonaceous material, it must

• .I. . .- -
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Table 4

EFFECT OF ACIDS, BASES, AND FLAME INHIBITORS ON SMOKE YIELD

i Smoke Yield , urningTm

Boiling Concentration of Fuel With of Fues , ith
Additive PoIn Fuel of Additive Additive Additiv

P(° C) in Fuel Relative to Relative to
That of Pure That of Pure

Fuel Fuel

ZnCI 2  732 m-xylene 1.03 0. q(;

_tro__enzene 5 wt 7_ 1.09 I. 1)
benzene 1.13 1.00

FeBr 3  Sublimes m-xylene 0.98 0. 8f;
with decomp'n benzene 5 wt , 1.10 0.95

n-decane 0.51 0.79

AgCIO4  Decomposes m-xylene 1.05 0.92
at486 benzene 5 wt 1.05 0.97

n-6ecane 0.39 9.74

ZrCi 4  Sublimes 331 m-xylene 1.05 0.82

nitrobenzene 5 wt T 1.09 0.99

"-T benzene 1.12 0.99

MoCI 5  268 m-xylenc. 1.01 0.94

nitrobe'izene 5 W. T 0.93 1.05

benzene 0.95 0.80

WC! 6 346.7 rn-xylene 0.92 0.86
nitrobenzene 5 wt7• 1.04 1.10

benzene 1.08 0.,5

VOCI 3  126.7 m-xylene 0.78 0.40

nitrobenzene 10 vol 7 0.89 1.29
benzene 1.18 0.55

VC1 Decomposes m-xylene 1.00 0.83

nitrobenzene 5 wt 7 1.17 1.27

benzene 1.11 1.09

£aCl5  242 m-xylene 1.05 0.94

nitrobenzene 5 wt . 1.07 1.15

Sbenzene 1.16 1.11

H2NCH 2 CH 2 CH2 NH 2  133.5 benzene 1.17

NH2N (CH 3)2  63.9 tenzene 5 vol 1.14

CH3 CH2 CH21 102.4 benzene 1.16 1.14

n-decane 1.78 0.71

CCt4 76.F m-xylcne 1.10 0.91

benzene 1.32 1,14

n-decane 4.73 vol 1. 1.,0

1. 15 1,10

n-hexane 1. 99 O.7

Str,, . etyny- 0 9G .
benzene

!benzene 3 Vol :-'115 I.n,

Clir4 1 II ,-xylene 1 . 2 .9

L ~~~benzene 5.,.1t" . 2', 9 1

n-deeane G1.3 5 t :i . 1() 4} 0

'L.- • -I1 ~ ~ ~ ~ 7 " h xlt','\'tr :1'31 ] .A -

r
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have contained substantially less weight of tin compounds than deposited in the

filter sample obtained with benzene as fuel. A similar situation appears to 0
prevail in the cases of n-decane with C6 H 5POC12 and Cr02 Cl2.

Strong Lewis-acids were found to be consistently active additives, in pro-

moting increase in smoke yield, however the increases were modest, being of the

order of 35 percent or less. The two basic additives tested increased the smoke

yield of benzene. It is interesting to note that these basic additives, when

burned alone as fuels, produced no trace of carbonaceous materials. either in 5
the form of smoke or of deposit in the fuel tray.

Halogen-containing flame inhibitors were effective in increasing smoke U
yield. Their effectiveness appears to bear an inverse relationship to the

smoke yield of the fuel without additive, however, being highest for n-hexane

and n-decane and least for m-xylene and ethynylbenzene.

The flame inhibitors Fe(CO)5 and Cr02CI2, which are reported to show the

highest order of effectivene;s as flame inhibitors, apparently inhibit formation

of smoke.

OXYGFEN AS AN ADDITIVE

Some measurements of smoke yields were made in which gas composed 50

percent of oxygen and 50 percent of nitrogen, or 100 percent of pure oxygen,

was substituted for the atmospheric air normally supplied to the burner. Other

than the composition of the gas, all other aspects of these smoke yield

measurements remained unchanged. The reasoning that prompted our undertaking

these experiments was as follows. U

Nitrogen, composing about 79 percent of atmospheric air, enters a

diffusion flame along with the oxygen, but does not participate chemically in

the combustion to any significant extent. The nitrogen must be heated to the

flame temperature, however, and calculations have indicated that a substantial

fraction of the heat that must be generated, to maintain flame temperature, is

absorbed by nitrogen. It appeared, therefore, that if the flame were fed with j
iH
C
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a smaller quantity of a more oxygen-rich mixture than air, some of the carbon

in the fuel otherwise buirned to heat nitrogen to flame temperature might he

available for conversion into smoke and the smoke yield thereby increased. At

the same time, the possibility was also anticipated that the higher oxygen con-

centration of the enriched gas might react more rapidly with the carbon smoke

formed in the flame, with a consequent reduction in smoke yield compared with the

case in which the flame is supplied with air. It was therefore expected that, if

higher smoke yields were observed with enriched gas supply, they would occur at

the lower gas supply rates, possibly, one at which the rate of oxygen delivery

to the burner was similar to that contained in the air at our standard air sup-

ply rate.

All the fuels tested shcwed an increased smoke yield when supplied the

oxygen-enriched gas, with the exception of ethynylbenzene, which gave a lower

yield of smoke than with air. The increased smoke yields occurred when the

oxygen-enriched mixture was admitted to the burner at our standard supply rate

for air, as well as at the lower supply rates. In the special case of benzene,

measurement was made at supply rates of 50 percent 0 2- 50 percent N2 up to twice

as high as our standard air supply rate, the yield of smoke remaining extraordinarily

high over the whole range. The results are summarized in Table 5, in which the

highest smoke yields observed at any supply rate of 50 percent 0 2- 50 percent

N2 are tabulated for each fuel tested, together with their burning times. '[The

ratios of these quantities to those observed for the same fuels with atmospheric

air supply are also included.

The enriched gas supply produced a remarkable change in the smoke yield of

benzene, approximately doubling it over a wide range of gas supply rates. A

similar, but less spectacular, effect was obtained for cyclopentadiene. The in-

crease for other fuels was modest or negligible. It appears that the increase

in smoke yiel]d of the benzene flame, when supplied with oxygen-enriched gas, may

be principally in the nature of a catalytic effect of the oxygen because the

effect Persists at high gas supply rates, and the visual appearance of the flame

and apparent structure of the smoke produced are changed from those character-

istic of the flame when supplied with air.
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"Table 5 II
MAXI'UM SMOKE YIELDS OF VARIOUS FUELS

WITH 50 PERCENT 02 - 50 PERCENT N2 GAS SUPPLY

RATIO OF EFFECTS MEASURED i
GAS SUPPLY WITH 50 PERCENT 02 -

50 PERCENT 02 - 50 PERCENT N2

50 PERCENT N2  '10 THOSE WITH
STANDARD AIR SUPPLY

FUEL
MAXIMUM B

SMOKE YIELD BURNING MAXIMUM BURN I.NG(TIME SMOKE TM
(gm smoke/gm (sec) YIELD TIME
fuel carbon)

ethynylbenzene 0.327 50 0.96 0.57

benzene 0.305 32 2.12 0.40

cyclopentadiene 0.301 43 1.51 0.770

m-xylene 0.285 51 1.33 0.42 I
indene 0.284 78 1.07 0.66

styrene 0.209 54 1.05 0.61

L n-hexane 0.037 46 1.19 0.54

II
11
I

Ii
'3

! ... . . ....
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The enriched gas supply produced a remarkable change in the smoke yield

of benzene, approximately doubling it over a wide range of gas supply rates.

A similar, but less spectaculir, effect was obtained for cyclopentadiene. The

increase for other fuels was modest or negligible. It appears that the increase

in smoke yield of the benzene flame, when supplied with oxygen-enriched gas, may

be principally in the nature of a catalytic effect of the oxygen because the

effect persists at high gas supply rates, and the visual appearance of the flame

and apparent structure of the smoke produced are changed from those characteristic

of the flame when supplied with air.

The use of pure oxygen to support the benzene flame produced only an

additional 10-percent increment in the smoke yield over that obtained with 50

percent oxygen.

The practicability of supplying oxygen-enriched air to field smoke generators

being doubtful, the effect was not further investigated. Jt became a question

of much interest, however, whether a similar effect on the smokiness of benzene

flames might be produced by adding an oxygen-rich compound to the fuel. The

additive would need to contain a large percentage of oxygen, be soluble in

benzene, and of volatility comparable to benzene so that in pool-burning

of a benzene solution, it would vaporize and be carried into the flame with the

fuel. Tetranitromethane (65.3 weight percent oxygen, boiling point 126 ' C at

760 mm Hg) fulfilled these requirements the best of any cormonly available

chemical. Tetranitromethane is capable of forming explosive mixtures with

hydrocarbons when present in high concentrations. Preliminary experiments showed

that even in dilute solutions (.05 cc tetranitromethane to 1.0 cc benzene),

tetranitromethane was concentrated in the remaining liquid as burning progressed,

because its volatility is lower than that of benzene, with the result that the

combustion ended with a small explosion. Toluene and xylene, having boiling

points more nearly that of tetranitromethane, did not present this difficulty,

and it was possible to safely burn solutions containing 0.8 cc of tetranitromethane

in 1.0 cc of these fuels. No increase in smoke yield resulted when these solutions

were burned with standard air supply, however, the yield being slightly lower

than that of the pure fuel.
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CYAWJRIC TRIAZIDE AND RELATED COMPOUNDS AS FUEL ADDITIVES

Cyanuric triazide is a white, crystalline solid which melts at 94:C. It

is conveniently prepared from cyanuric trichloride and sodium azide by the

following reaction (Ref. 7 and 8).

CN - C C - C1 N3 -C C N3

I + 3 NaN 3, I N + 3 NaCl

N N N% N

C C

C1 N3
cyanuric

triazide

H
Cyanuric triazide is moderately soluble in benzene. The pure solid is

explosive, and detonates on being heated to a temperature of 170 to 200'C, but

as a fuel additive it would be present in dilute solution, and it was anticipated

that, in this form, the compound might decompose in a more orderly way when

subjected to heating.

Upon decomposition, pure cyanuric triaziaot has been shown (Ref. 7) to F
be converted quantitatively into cyanogen and nitrogen. In dilute solution
in a fuel, however, where each molecule of the azlde was surrounded, on averagel,

only by fuel molecules, only two of the three cyano groups, forming the ring

in the molecule, could be accommodated in the formation of a cyanogen molecule,

so that at least one cyano free radical would be set free in the fucl for

each . anuric triazide molecule decomposed. Furthermore it would ippear that

these radicals would carry with them some of the energy released in de-

composition of the azide molecule, and should therefore be chemically active.

L
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Cyanogen and cyano compounds are similar in their chemical behavior to the

corresponding halogen compounds to such an extent that they are referred to in

chemistry texts as pseudoh'Aogens. The effect of these compounds on the smoke

yield of fuels was therefore of interest in view of the activity, in this re-

spect, shown by halogens. Cyanogen itself i3 not suitable as a fuel additive

since it is a poisonous gas (boiling point, - 21.17 0 C). Cyanogen is inflammable,

however, so that it is reasonable to expect that most of that formed in the com-

bustioi, process by d2composition of cyanuric triazide would be oxidized to non-

poisonous products before leaving the flame.

Smoke yields of a 10 percent cyanuric triazide solution in nitrobenzene

and of 5 percent solutions in m-xylene and in benzene were measured. The

burning of the m-xylene and benzene solution were uneven, being punctuated by

popping and minor explosions. This roughness of burning was most prominent

in the case of benzene, the lowest-boiling of the fuels tested, and was

negligible in the highest-boiling fuel, nitrobenzene.

The smoke yields of the nitrobenzene and m-xylene solutions of cyanuric

triazide were increased 13 percent and 11 percent respectively over the pure

fuels, while the benzene solution produced only 93 percent as high a smoke

yield as that of pure benzene.

Metal azides and organic azido compound. generally decompose at moderate

temperatures (3000C or less). The azido group is converted into N2 molecules,

leaving the remainder of the azido compound as a free radiral. These compounds

would therefore appear to offer a geaeral means for introducing different

specific kiids of free radicals into combustion reactions for experimental

purposes, by simply adding the appropriate azido compound to the fuel. In

the present investigation, this opportunit) was limited by the circumstance

that azido compounds tend to be of l ow v)latility relative to their molecuillr

weight, and, owing to their thermal sensitivity, %ould be liP-,'ly in many cases

to decompose in the fuel tray rather than vtporizing into tht- flame,. \z i do

This limitation would not be present in slme ki nd-. burn e'rs, for example
those in which the futl i:; sprayed into) the flame.

I
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Ii
compounds do not appear to be available ii any wide variety commercially, so

that in gene•al it wouldu ue necessary to inxest the time and labor necessary for []
synthesis of an azido iormpound of interest prior to conducting experiments with

it. 0

SELECMT HYDROCARBONS AS FUEL ADDITIVES

Three measuremiants were made of the fsmoke yield of a 5.78 weight percent

solution of indene in decane. The re.ult.€ were compared with the sum of the 0
yields that would have been obtained, from the amounts of each hydrocarbon

present In solution, if they had been burned alone. I

The purpose of these measurements wa; to determine whether the presence

of a small proportion of a hydrocarbon of high smoke yield (indene) would U,

influence the smokiness of a fuel of low yield (decane), --" if the smoke-

producing functions of both fuels were essentially independent of one another. ri
The sa.ne measurements were made at each of three different. air supply rates,

and the results are summarized in Table 6, [

The results indicate that a higher smeoke yield is obtained from the

solution than would have oeen obtained from its components if each had been

burned in pure form. Since the increased yield appe~rs in all three tests,

it is presumed that the effect is real, and that the component having the

higher smoke yield (indene) promotes the formation of smoke by the component

of lower yield (decane). In this sense, thtý indene can be thought of as an

additive to improve the smoke yiela of the decane. L

A detailed, quantitative, intercomparison (if the smoke yields if mixtures K'
of virious hydrocarbons, in various proportions, appears to be a promising

means of gaining inaights into the proper-eies of h.ydroc.arbons that are res-

ponsible for smokiness in burning. The subject w.is not pursued further in

the present investiga t ian, however, belcause the fuelis tested in thoy present .

investigattion, that have higher smoke v l. ds than the xytenes , ai:n thi- rt iore L
night ,, expected to improve the, ,moke v'it Id of xyelnv, if present .s 11n

additive, are all of qut-tio;nabls, st.'tlitv in long•-t.rm storatg , tithvr in the.

11
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pure form or in solution, so that the likelihood of in iinedi~ote practical ad-

vAntagee appearing in this direction seemed small.

TRIFT.HYL AMI.U•! AS A7Y ItDDTI\E

As a pure compcund, tri'thyl aluminum, (C 2 H ) 3 A1, takes fire spontane.isly

in air and explodes when placed in contact with u-4ter or other oxygen-bearing

compounds. The cc~pouuO is soluble in hydrocarbons, and is stable in these

3olutions as long as air or compounds containing oxygen, halogens, or other

reactive substituents are not present. The decision to test it as a fuel

additive was chiefl the result of the belief, based on consideration of relati%. 0
free energy change in the reactions involved, that if oxygen (as air' Sas

supplied to a hydr.icarLon sau~ion cf triethyl altiminum in a quantity that was U
only sufficient to convert the alnmintza to alttinum oxide, the aluminum wCuld

prevail in the competition for the limited -xvgen supply, and i negligible

quantitN of carbon woula be o-idized. The potential advantage of such a

system would stem from the fact th-Jt carbon m.noxide is L major product of the-
fuel-rich oxidation of p're hydrocarbons and that the oxidation of a gram of

alumin.m', in the form of triethyl .luminum, to alurinum oxide releases more

t•an three times the --nergy that a gram. of carbon d.oes in being cxidlzed to

carbon monoxide. The oxidation of aluminum would, therefore, provide a much

more efficient source of heat needed to maintain the temperature of the fuel-

rich combustion than would oxidation of carbon, and, in addition, the consider-

able fraction c. srbon normally turned into a poisonous oxidation product (car-

bon monoxide) would be avaiL bie for conversion into smoke. Other advantages

that appeared poszible were that a pyropLoric fuel additive might stabilize the

fuel-rich flame, making it less susceptible to being blown out by wind currents• - i
or shock waves, and that alkyl aluminum compounds might aIso exert a cata]ytic

effect on smoke production.

± supply of trJethyl alunirum diluted to a 20-percent solution in benzene

was use& in initial experiments. The solution is less reactive than The pure1

It would be the only oxidized product if the process reachcd equilibrium.

-- B!
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compound and its use facilitated -he development of transfer and handling tech-

5 niques, which require that air anw --:sture be excluded from ti'e material at

all stages.

7le 20-percent triethylaluminum solution in benzene, when igni~ed in an

open dish, burned with a flame not no:ice= blv more smoky than tLat of pure ben-

zene. 7be 20-percent solution reacts cxplosirely in contact %.th iiqjid water,

alcohols or nitrobenzene. The explosive reaction with nitrobenzene can be

avoided if that compound is diluted sufficiently with benzene. Under these cir-

umsta~ nces the reaction of the nitrobenzene with triethyl aluninun occurred en-

tirelly in tVe liquid phase without developuent of flame or evolution of smoke.

The boiling po.int of triethyl aluminum is given as 1867C, whereas benzene
boils at 80:C, so that when a solution containing •-•ostly bernzene 2s burned

in a= ý;pcz tray, prctically all the vapor f!.in-.ng the a at least

initially, will be benzene. To explore the effect of triethylalIminun as an

addlz£ve tc fuels '•ar•ng more nearly its own volatility, a supply of pure

triethyl-aluiminus was obtalned and volumetric aliquots of it added to

appropriate volumes of the fuels, to prepare solutions of known concentration,

usually 13 percent by volume of triethyl-luminum. it was found convenient

to transfer the alkylaiuminum from its cylinder to a pyrex serum bottle with

a teflen stopper. The bottle together with the transfer line connecting it

to the cylinder were purged several times with dry nitrogen before transfer.

Aliquots of the triethylaluminum w-ere transferred from the bottle to measured

quantities of the fuels contained in nitrogen-purged serum bottles. by means

of a purged hypodermic syringe of I cc capacity. The so]'_*.tio:.3 were transferred

fron the -erum bottles to the fuel tray of the burner in nitrogen-purged

hypodermic syringes. The solutions were ignited immediately after transfer

to the fuel tray.

The smoke yields of solutions containing 10 percent triethylaluminum

in n-decane and ir m-xylene were me,'sured. They were slightly lower than the

smoke yields of the pure fuels. In each case, a white powder remained in the

fuel tray after the test. The weight of this residue was consistently the



P.

URS 678-4 6-18

calculated weight of aluminum oxide equival :-at to the aluminum contained as ad-

ditive In the fuel sample to uithin about 10 pe--cent.

It would appear, therefore, that the triethvlaluminum reacted with cx.'ygen

within the fuel tray in these experiments, instead of in the flame. Further

evidence of this course of events was provided by a comparison of burning times,

that of the solution with additive being only about two thirds as long as for

the pure fuels. This cou!d be due to accelerated evaporation of the fuel in the I
tray by ert.eky released in oxidation of aluminum there.

More volatile organometalic compounds, cGntairing magnesium, boron, or

aluminu-_, and, perhaps, of s'tz-y - pyrophoric nature than triethylaluwia-

un might be more successful as additives to increase smoke production. -

THE MEFCT OF SOLID DEEnWJ3GENATION CATALYS-S ON SNIOKE YIELD

A series of e=periaents were perfornAd in which solid catalysts were placed

in the fuel tray of the apparatus for measurement of sace yield, the xuel,

filling the interstices between the catalyst grains. The advantage expected

of this arrangement was that the c-talyst, togetrher with the fuel would be heated

by the transfer of energy froz the flame, and that the fuel vapor, in passing

the heated catalyst, would undergo some dehydrogenation with a consequent increzse

its smoke yield.

Myost of the solid catalysts tested were industrial cehydrogenation or

oxidation catalysts manufactured by Harshaw Chemical Co., but sinple mixtures

of phosphorous pentoxide, of sodium azide, and of sodium amide with diatomaceous -

earth ;-ere alýo tested. Four of the .Harshaw catalysts were intended for fluidized-

bed application, so they were in the form of a free-flowing powder having median

particle size of about 60 microns. This was a convenient grain size for our

purpose, so thL remaining catalysts, which were in the form o' small cylindrical

tablets, were ground and sieved to a size distribution approximating that o. L
powdered catalysts.

P11[l

,11
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Three materials (glass microspheres, silicon carbide, and diatomaceous

earth), thought to possess no special chemical catalytic activitN , were tested

to indicate whether the mere presence of granular material in the fuel tray I
6oul--- change the smoke yield due to physical effects such as a change in the

schedule of heat transfer to the fuel, for example.

The glass microspheres were, fortuitously, of nearly the same particle size

as the fluieized-bed catalysts, and the silicon carbide was ground and sieved to

this size. The diatomaceous earth, however, uas in its natural submicroscopic

particulate form. One gram of catalyst powder (weighed to within 0.05 gram)

was placed in the fuel t-ay for each experiment. The fuel %-as adc~ed immediately

before ignition. Results are given in Table 7.

From the results given fox- the last three materials listed in Table 7, it

would be inferred that benzene, burning over granular material having no special

chemical catalytic activity, would have a smoke yield greater by about 5 percent

than benzene burning alone. On the basis of this assumption, Harshaw catalyst

Al-1401P Alumina Catalyst, and phosphorous pentoxide on diatomaceous earth both

show a catalytic effect on smoke yield. Both of these catalysts are acidic.

Sodium amide on diatomaceous earth, a strongly basic catalyst, also shows some

activity. Other catalysts listed have negligible effect on the smoke yield ex-

cept for Rarshaw :atal.ysts Fe-0303P Iron Catalyst, and Mn-0201-T Manganese Cata-

lyst which appear to operate on n-hexane, but not on benzene.

I-

... ...
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Table 7

EFFECT ON SMOKE YIELD OF COMBUSTION OVER SOLID CATALYSTS [I
Ratio ,-! Lifefts

Fuel With Soi id Catalyst

Burred Smoke Buming To Those With fr
MiSod Catalyst Desription on Yield Time Fuel Aloe In

caa~lyt -(see)

IYield Time

AI-1401 P. Aluna Ca" ..jst benzene 0.170 104 1.1I4 1.30

A Amacro•Iheroll bhigh-activlityalumt m-xa"leow, .258 77 1.21 0.64
powder contalaing 97<• A203 specificlly-
dosicgted for fluid bed operatis.0.
Size:
0-20 j a% ABD 60 Wb/ft

3

20-40 P 29% PV 0.49-. 51 cc/g
X€-80 i 411. SA 130-200 m2/g

-ft P 24%

Cr-1404 P. Chrome Alumina Catalyst- bienene 0.151 34 1.05 1.17

A microseieroldal JOhdrogeaatinn n-hexane 0.02P 94 0.93 1.11
catalyst fhr [haid bed use. 1hi pon-der
eonlas 19% Cr 2 043 . supported onhig--acuzity alumina. II
ADD 58 lb/ft

3  
•-.,. I II

SA -100 m2/g 20-40 141 I
PV, 0. 5' ¢ceig 40-80 3f;

Fe-0303 P l Canyyst- I 0.15zn 100 0. 1.30I C*5YUiI62*r23~I1flaid bed micrcqber•deal byrogmti o-h.*ne o0.07 53 2 1-. 0I

A~~-ea 0.u uie xd ,mr oor, s3 1.219 1.09fct A d o68la/ftt l 2a0 io.F o I w

S42 u, T PY 0.49 cc/0. 49 _

lko"1101 18 M -nga Cazay•s * b.ene 0.146 84 1.01 1..05

AMD 70 W/ft3  
S,, 69 02/g

-Srength 35Wl P`V 0. 23 00/g_ _ __4_ _
-Mo-110l P. Molybdw4ea A'umz= Catalyst bernzen f.1330.2 12
Used for fluid bed bydrolornlng and n-bexane 0.022 ,8 0.72 1.04 r
dadregmlhom. A gray microspheroVil.
powder contain 11 3003 mwteji on I
ADD 68 1b/ift3

NI-2601 T !/•. Nickel Caualyst 3 benzene 116 98 1.01 0.29

A decom oRICO cata|ybl Ceta'sL,•3t n-bheae 0.31 91 0.99 1. 07,
41 each nickel oxide. cobhit oxide and

Iirson oxide 0" actwated alumina.
ABEr 62 l "SA 1719 u-n/g I
3treqgtb 16 lb PV 0.28 :c/g 1[

V-0601 T 1/6". Vanadja CaI,'ys" benzene 0,110 16 .45

Usd for oxidation. Orange tablets n-•.uane • 7 10! 0.66 1.14

cotainiing 10* 1205 mountedi ont high 0.6-.1
acuvity aluminaf
ABD 60 lb/i,

3  
SA 115 m2/g

Strength 26 lb P•" 0.2- cc/•5

NOTE- Asteriaked catalysts are manufactured by Harshaw Chemical Co. The descriptions are those given by them.

AMD - apparent bulk der.3-ty. packed.
PV - pore volume.
SA - surface arep.
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Table 7 (cont)

1 1 -- Ratio of Effects

Fuel j With S ".d CatalystBPuirning
Burned S-* I To . htose \Wtith".olid Cata!yst Descrtption Fuel AlneeI (Seel
Ca:ah-st

l (e Yieldo Tirm

IPbos _____ de - diaatrmaceous benzene O. - 19 ;. _____

earth 1:3 by weight S -X, lene 0. 221 119 0 0 . 99

Sn-decane 0. 039 153 1. 31 0.94

sdu ze-diatomuceout earth 1ezn .3 .14
1:3 by weight 5409

m-)lene *0.190 i 119 0.9 0.39

C~ips microapheres benzene 0.1T.4 711. o" 3

I - -

Silicon carbide benizene j 0.157 63 1.09 1..79

Satodmace-us earth benz13ne O. 1.03 1.1.

1

Rt
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9ection 7

CONCLUSIONS AND RECOMMENDATIONS

A wide variation (abo-it a factor of fifteen in the smoke yield) was found

in the tendency of pure hydrocarbons to produce smoke when burned as fuels in

air. Pure liquid hydrocarbons were tested that had up to approximately 2.4 times

the smoke yield of benzene. The compounds of highest smoke yield appear to be

of doubtful long-term stability in sto:age, so that the isomers of xylene, which

produced about 1.5 times as much smoke per unit weight of fuel as benzene, appear

to be an optimum practical choice of fuel.

Additives that were effective in increasing smoke yield produced percentage

increases that were in an inverse relation to the intrinsic yields of the fuels

to which they were added. Thus, while several fold increases in smoke yield were

obtained in some cases for the normal paraffins which are poor smoke producers,

no fuel additive was found to be capable of producing more than about 25-percent

in-rease in the smoke yield of m-xylene.

Replacement of hydrogen in the hydrocarbon molecule, in particular by

groups tending to withdraw electrons from the hydrocarbon radical to which they

are attached, i.e., by electrophilic substituents, was found to be generally more

effective in increasing smoke yield than the presence of additives in solution.

The effectiveness of electrophilic substituents in increasing the smoke yields

of hydrocarbons to which they are attached is consistent with the observation

that the spoke yields of pure hydrocarbons measured in the present investigation

correlate well with the strength of the hydrocarbons as carbon acids. The

substitution of an electrophilic group for hydrogen in the hydrocarbon would be

expected to withdraw electrons from the hydrocarbon, and thus increase its

strength as a carbon acid.

The diminished effect of additives on hydrocarbons of higher intrinsic

smoke yield is understandable if it is assumed that the effectiveness of the

additives depends on their ability to further the acid dissociation of the fuel.
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If it is assumed that a given additive produces the same percentage increase in

the aci.d dissociation of two hydrocarbons of different intiinsic strength as

carbon acids, the apparent acid dissociation constant of both hydrocarbons, with

the additive, would be increased over their respective acid constants as pure

hydrocarbons by the same factor. If the smoke yields are proportional to the

logarithms of the acid constants as indlcated by the correlation shown in Fig. 3
3, an increase in the acid constants of two hydrocarbons by a common factor

would result in increases in the smoke yields by a common increment. The addi-

tion of the same increment to two different values of smoke yield, will not re-

sult in the same percentage increase in the two cases. The percentage increases H
in smoke yield will, instead, be in inverse pniportion to the original yields.

Thus, for example, the fractional increase of the smoke yield of ethynylbenzene

aue to the presence of an additive would be about 0.085 as great as that of n-decane,

and the increase in yield for m-xylene would be 0.66 that of benzene for the same

additive if that additive produced the same fractional increase in the acid

dissociation of each of these fuels. In the results given in Tables 3 and 4, the

diminished fractional increase of smoke yield of fuels of higher intrinsic yields,

due to the effect of a given additive, can be accounted for, in some cases, on

the basis of the foregoing argument. In general, however, the fuels of high B
intrinsic yield show somewhat lower increases than this, relative to those of

the low-yield hydrocarbons. It must therefore be assumed that the effect of the

additives on the constants of the stronger carbon acids, in these instances, is

somewhat less than its effect on the weaker carbon acids, or that other influences

are active.

None of the smoke yields of fuel-additive mixtures or of substituted 1
hydrocarbons, that were measured in the present investigation, fell more than a

few percent higher than the raximum yield measured for pure hydrocarbons, namely, U
that of ethynylbenzene, C6 H 5C 7 CH. This compound is one of the stronger carbon

acids of those liquid hydrocarbons lor which acid strength measurements have

been made. Its smoke yield, given in Table 1, is 0.342. If the effectiveness

of additives or electrophilic substitution in increasing smoke yield is

principally due to the increased acid dissociation of the hydrocarbon that is

11l
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thus induced, and if this effect diminishes in the manner discussed above for

hydrocarbons of high yield, it would appear that this means of increasing smoke

yield is effective only up to a maximum of about 35 percent recovery of fuel

carbon, in the particular apparatus employed to measurf. smoke yield in this In-

vestigation. Yields beyond this level presumably are barred by some feature of

the smoke-making mechanism not appreciably influenced in any of the experiments

in the present program.

It may be significant that the highest recovery Cor any of the processes

used in the carbon black industry is also in the range of 30 to 40 percent

(Ref. 9), although compariscr of biauke yields measured under different conditions

in different combustion systems is inherently uncertain.

Basic understanding is needed of the naturea of the obstacles in the smoke

production mechanism that stand in the way of obtaining 35 to 100 percent of

the carbon in the fuel as smoke. Some insight to the problem may result from

comparison of the conditions in the condensed and gaseous phases under which

high yields of carbon are obtained in pyrolysis of hydrocarbons and their

derivatives.

N *
Differential thermal a: ilysis of aromatic compounds conducted as a means

of investigating the maechanism of their pyrolysis in the liquid or solid state,

has shown (Ref. 10) a wide variation in the capacity of various compounds to

deposit carbon as a residue. In these experiments, conducted at Union Carbide

Corp., the sample and an inert reference material were heated together in an

argon atmosphere at a rate of 100 C per minute to 750 0 C. The amount of carbon

residue remaining at the end of the experiments was measured, and volatile pro-

ducts were collec.ed for analysis. Some of the compounds tested produced no

*J

Differential thermal analysis is an analytical method in which the tempera-
ture of a sample of the material under study is compared with the temperature
of an inert reference material (such as anhydrous aluminum oxide) as both are
heated together, Temperature regions where heat is absorbed by the sample
(indicating endothermic reactions) or evolved (exothermic reactions) can be
identified by irregularities they produce in the otherwise smoothly continuojs
temperature rise in the slowly heated sample and reference.
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measurable carbon residue. A majority of the compounds produced small but mea-

surable deposits !ntaining of the order of 5 percent of the carbon contained

in the fuel. About 25 percent of the compounds tested produced deposits of car-

bon greater than 34 percent of that contained in the fuel. In some of these

cases, es much as 85 percent of the carbon in the fuel was deposited in the

residue. The proclivity of these compounds toward large carbon residues had no

apparent correlation with their volatility or other properties.

One of the simpler of the aromatic compounds tested, 2-nitrofluorene,

produced 67.4 percent carbon residue. Its tVermogram showed, in addition to

the usual endotherm at the melting point (157 0 C), a single exotherm at 303 0 C.

While it is not surely known that the carbon residue was deposited at the re-

latively low temperature of the exotherm, it was certainly deposited at B
temperatures less than 750 0 C, because this was the highest temperature to which

the sample was heated. By way of contrast, when a hydrocarbon vapor diluted

with an inert gas is heated, high yields of black carbonaceous smoke have not U
been reported at temperatures below about 900 to 10000C, whatever the structure

of the hydrocarbon,

It would appear, from these observations, that the capacity of organic

compounds in the solid or liquid state to decompose in pyrolysis at low

temperatures to deposit high yields of carbon is a fairly special and not very L
obvious function of the molecular structure of the compound. In the gaseous

state, apparently, decomposition of organic compounds to form carbonaceous

smoke can occur only at higher temperatures, regarlless of the structure of the

compound. This comparison, together with the remark of Palmer and Cullis

(Ref. 6 P. 280) that "in contrast to the variety of surface carbons which may 13
be formed (in pyrolysis), essentially one type of carbon is formed exclusively

from the vapor phase" would suggest that an overriding limitation, peculiar to

deposition of carbon in the vapor phase, determines the temperature reqniredo

and the form of the deposit. This limitation must lie somewhere in the process

of ricleation (or formation) of the carbon particles, since tixI7 is the only

feature unique to deposition of carbon in the gas phase.

vi
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If it were found that the mechanism of nucleation was such that it could

operate efficiently only at high temperature (1000"C or higher), this by itself

might account for the limitation of smoke 0i01r's Jn combustion processes to a

maximum of about 35 percent. The calculated equilibrium composition of the com-

bustion products of benzene at 1300"K (1027 0 C) contains 34.3 percent of the

carbon in the form of the unoxidized element. The fract-on of carbon in elemen-

tal form at equilibrium rapidly diminishes as the equilibrium temperature is

raised. Thus, if the combustion process operated not too far from equilibrium,

and if efficient nucleation could occur only at temperatures of about 10300 C or

greatcr, the fraction of total carbon that could be present in elemental form

j (as smoke) would be about 35 percent or less.

Further chemical investigation intended to improve the performance of

I carbon smoke generators would therefore need to seek an understanding of the

mechanism of the formation of carbon smoke. This goal is of great interest and

technological usefulness, however the investigation must be quite basic in nature,

and possibly long-term as well.

i In the immediate term, it is recommended that an investigation be conducted

of the extent to which the performance of a full-scale prototype smoke generator,

employing a hydrocarbuii Cuel with air as oxidizer, can be improved by optimiz±ng

the mode of mixing and degree of turbulence of the streams of fuel vapor and air,

for greatest production of smoke. E.-perience in the carbon blac., industry has

shown these physical factors to be important to the yield of carbon black obtained 5

with a given fuel, and much of the work of their research and engineering divisions

is reported (Ref. 9 p. 45) to be centered on the design and development of burners

for best control of these factors.

*?

The benzene is assumed to react with just sufficient oxygen (as air) that

the energy released is sufficient to heat the products, at equilibrium, tu

13000K. The calculated fraction of carbon p.-esent, as the element, at equili-
brium at 13000 K for hydrocarbons in general will not differ greatly from that

calculated for benzene."Hi
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